The malaria parasite has a complex lifecycle, including several events of differentiation and stage progression, while actively evading immunity in both its mosquito and human hosts. Important parasite gene expression and regulation during these events remain hidden in rare populations of cells. Here, we combine a capillary-based platform for cell isolation with single-cell RNA-sequencing to transcriptionally profile 165 single infected red blood cells (iRBCs) during the intra-erythrocytic developmental cycle (IDC). Unbiased analyses of single-cell data grouped the cells into eight transcriptional states during IDC. Interestingly, we uncovered a gene signature from the single iRBC analyses that can successfully discriminate between developing asexual and sexual stage parasites at cellular resolution, and we verify five, previously undefined, gametocyte stage specific genes. Moreover, we show the capacity of detecting expressed genes from the variable gene families in single parasites, despite the sparse nature of data. In total, the single parasite transcriptomics holds promise for molecular dissection of rare parasite phenotypes throughout the malaria lifecycle.
Introduction
Malaria causes greater impact on public health than all other parasitic diseases combined. Plasmodium falciparum, is responsible for the most severe form of malaria, with an annual death-toll upwards of half a million and where the vast majority of diseased are children ages one through five. Malaria eradication efforts have escalated in efficiency over the last decade, where the current vision of drug and vaccine efforts entails targeting several stages of the highly complex malaria life cycle [1, 2] and naturally includes discovery of novel, stage specific, biomarkers. To this end, novel approaches for the molecular profiling of rare parasite phenotypes are needed.
P. falciparum has a complex life cycle that includes sexual replication in the Anopheles spp. mosquito vector and asexual multiplication in the human host, subdivided by several transition stages that involve lifecycle determining differentiation steps [3] . Clinical manifestations of the disease occur during the asexual intra-erythrocytic developmental cycle (IDC) in which the parasite invades and replicates within the red blood cells (RBC), an event that takes approximately 48 h. During IDC, the parasite transitions from immature trophozoite, or ringstage parasites through the trophozoite stage, where DNA replications occurs, followed by the schizont stage, which is characterized by schizogeny or multiple events of cytokinesis, giving rise to an average of 20 merozoites that egress and re-invade new RBCs in the bloodstream of the human host [4] . The IDC has been extensively studied in synchronized cultures of parasites providing a valuable molecular reference [5] . Furthermore, during the asexual IDC inside the human host, a small minority of asexually replicating parasites commit to sexual stage differentiation, an event that ultimately leads to parasite transmission and where it has been shown that the transcription factor ApiAP2-G is important for regulating the onset of sexual commitment in Plasmodium falciparum [6, 7] . Single-cell RNA-sequencing (scRNA-seq) technology has had a dramatic impact on the molecular characterization of cell types and states in mammalian cells [8] , and it has great potential to molecularly characterize rare parasite phenotypes. So far, scRNA-seq has been applied to study parasite mechanisms in mouse models. For example, analyses of individual host T-cells during the progression of P. chabaudi infection have identified genetic markers responsible for T-cell bifurcation and differentiation into functionally distinct subsets of T helper cells [9] . During the publication process of this manuscript two scRNA-seq studies on parasites were published. The first study explored the genetics underlying sexual stage commitment using Drop-seq and highlighted novel factors involved in the regulation of this event [10] . Whereas the second study implemented Smart-seq2 to study transcriptional heterogeneity among late stage asexual parasites and gametocytes in both P. falciparum and its rodent infecting relative P. berghei [11] .
In our study we have explored the potential of using scRNA-seq for molecular analyses of rare parasite phenotypes, and we developed a capillary based iRBC isolation procedure followed by scRNA-seq using Smart-Seq2 (Fig. 1A) . Transcriptional profiling of 165 individual P. falciparum iRBCs, at different time points throughout synchronized cultures of IDC, enabled the identification of sub-stages of IDC and a gene signature that discriminated between sexual and asexual parasite stages. Furthermore, we show that our method has the potential of enabling differential expression analyses of genes from the variable gene families in P falciparum, at the single cell level.
Results

Implementation of an adaptable single parasite transcriptome profiling strategy
Isolation of individual live P. falciparum parasites requires tools that can be easily implemented both for in vitro adapted and clinical isolates. To this end we evaluated the MitoTracker Green live-cell fluorescent dye, previously optimized for P. falciparum isolation [12] , to enable the isolation of single iRBCs in a background of non-infected RBCs. This dye targets actively respiring mitochondria in living cells and can therefore effectively be used to discriminate parasite infected RBCs from a background of non-nucleated non-infected RBCs, which do not have mitochondria and therefore do not stain. The fluorescent dye had no negative effect on scRNA-seq library preparation (data not shown).
We sought out to perform single-cell RNA-seq on the 3D7 P. falciparum cell line for which population-level transcriptome data exist during asexual IDC [5, 13] . In sorbitol and MACS-sorting synchronized populations of 3D7/164-tdTom parasites, we collected individual iRBCs at six time points (10, 16, 22, 32, 38 , 44 h post-invasion (p.i)) during the IDC, denoted as T1 to T6 in the remainder of the study. We used the fully automated CellSorter cell capture system to capture individual parasites and ensure their proper stage morphology and green fluorescence. iRBCs with multiple parasites could be visually identified and thereby omitted from isolation. Single-parasites were collected from three separate 48 h time courses; each independently synchronized as described above, for a total of 165 iRBCs from which we prepared scRNA-seq libraries using Smart-seq2 [14] with minor modifications (Methods). As a control, we generated multiple RNA-seq libraries from populations containing approximately 5000 iRBCs at each time point (in total, n = 28). All sequencing data was aligned against the P. falciparum and human genomes. Expression levels were computed as reads per kilobase and million mappable reads (rpkms). In the individual malaria iRBCs we detected on average of 300-800 P. falciparum genes per cell at each stage (Fig. S1 ), on par with two recent scRNA-seq data sets [10, 11] .
Exploration of single parasite transcriptome data
We first explored the overall structures within the malaria parasite transcriptomes using principal component analyses (PCA) followed by t-distributed stochastic neighbourhood embedding (t-SNE). This analysis revealed that although the population control samples grouped by time point (Fig. 1B) , even the 92 highest-quality individual iRCBs displayed heterogeneity and only partially grouped according to sampling time point (Fig. 1C) . Indeed, correlation between transcriptomes of single iRBC profiles (aggregated by time point) and populations revealed higher order resemblance within time points 1-3 and 4-6, but reinforced the existence of substantial heterogeneity within the individual iRBCs (Fig. 1D) . This illustrates the challenge in synchronizing large populations of parasites for collection of individual parasites over several cycles.
To explore the individual iRBCs transcriptomes further, we focused on their expression of a previously identified set of gene with dynamic expression during IDC in P. falciparum [5] , noting that developmental transcription of IDC genes is remarkably conserved among different P. falciparum strains including 3D7 [5, 13] . Interestingly, hierarchical clustering of individual iRBC expression profiles grouped the iRBCs into eight sub-populations ( Fig. 2A) , that corresponded to different stages of IDC. Genes involved in cytoplasmic translation machinery that are known to peak in expression during ring and trophozoites stages were upregulated in Sub-population (SP)1 and SP2 (Fig. 2B ), whereas actin myosin motility genes used at later IDC stages peaked in SP6 (late trophozoite) together with merozoite invasion genes, and the early ring transcripts peaked in the SP8 (schizont stages) (Fig. 2B) . Next, we ordered the eight sub-populations onto the IDC time line according to their expression of the 61 most informative marker genes for early-, intermediate-and late IDC stage genes (Fig. 2C ). For most sub-populations, we could identify genes with significant differential expression (adjusted p-value < = 0.05 and Z score > = 2; SCDE [15] ) compared to the other sub-populations, e.g. comparing SP1 and SP6 revealed the differential expression of 42 genes involved in cytoplasmic translation machinery in SP1 while up-regulation of early ring transcripts, merozoite invasion and actin myosin motor related genes in SP6 (Fig. 2D) . We therefore assigned the SP1 cells as ring stage parasites and SP6 as late schizonts stages that are preparing for egress and re-invasion. Overall, we found that the gene expression pattern followed the expected temporal expression pattern [5] , although with large numbers of drop-outs as expected in single-cell data from cells containing little RNA. We did not have a sufficient number of cells or data quality to further order cells within sub-populations. Thus, we conclude that unbiased assignment of individual iRBCs transcriptomes to groups represented IDC stages.
Detection of sexual stage parasites within a population of asexuals
To directly test the capacity of detecting rare parasite phenotypes within a population of cells we next queried the RFP expression in the transcriptome profiles, as the cell line used (3D7/164-tdTom) express RFP under the PF10_0164 promoter [16] . The promoter is activated when parasites enter the sexual stage i.e. gametocytes. Sexual stage commitment occurs during the 48 h cell cycle in only a small proportion of asexually (< 10%) replicating parasites and there are no defining morphological features that can distinguish between asexually replicating parasites and parasites triggered to differentiate into gametocytes during the course of the 48 h cycle. We detected RFP expression in three iRBCs, and these three cells separated when projected into 2-dimensional t-SNE space (Fig. 3A) . Comparing the three RFP expressing iRBCs with the non-expressing iRBCs identified several known gametocyte markers as being significantly up-regulated among the RFP-expressers, but not in the asexual parasites (Fig. 3B) , and that a fourth cell that lacked RFP (marked with asterisk in Fig. 3A , C) also had high expression of the sexual marker genes, and therefore clustered close to the RFP cells in t-SNE space (Fig. 3A) . Importantly, further characterization of the putative sexual stage parasites identified novel putative sexual stage genetic markers with significant (adjusted P-value < 0.05 and Z-score > 2, using SCDE [15] ) increased expression in the RFP expressing cells (Fig. 3C) . In order to validate the expression of the putative novel gametocyte specific genes, we first performed rt-qPCR on ten of the genes with high expression in RFP-expressing single cells. cDNA from highly synchronized cultures of late stage asexual parasites, early (SI-II) and mid stage (SII-III) gametocytes, were amplified and compared to early asexual ring stage parasites. Out of the ten genes analyzed, five showed a consistent higher level of expression among early-and mid-stage gametocytes compared to late stage asexually replicating parasites (Fig. S2 ). To further demonstrate the ability of our gene signature to discriminate sexual and asexual parasites, we reanalyzed recently published single P. falciparum transcriptome data [11] that includes both late stage asexual parasites (n = 161) and mature day 8 gametocytes (n = 191). Importantly, the 10 genes identified above in our RFP expressing cells were sufficient to separate asexuals and gametocytes in PCA space (Fig. 3D) , providing a comprehensive independent validation to the sexual discriminating properties of our gene set. Similarly, the five genes validated by qPCR above had significantly increased levels of expression among the gametocytes vs the asexual parasites also in this data (Fig. 3E ). Future functional analyses will discern whether these genes are essential in P. falciparum sexual stage development or potentially during sexual stage commitment. We conclude that the molecular identification of rare parasite phenotypes is feasible using scRNA-seq, and that a reliable gene signature could be identified from as little as four individual cells, and later validated by two separate experiments.
Gene expression analysis of the variable gene families in single P. falciparum parasites
The P. falciparum genome includes several variable multi-copy gene families with broad biological function. For example the var family of genes includes members with known links to virulence [17, 18] . Further, the clag (or RhopH1) family includes five members, where two of these members have been shown to have important function in RBC permeation pathways and is a suggested important therapeutic target [19] . In common for clags 3.1 and 3.2 and the entire var repertoire of genes, gene expression has been suggested to be mutually exclusive, meaning that only one gene is expressed at a time [18] . To investigate the possibility of analyzing expression of the variable gene families at the single cell level, we performed targeted analysis of clag gene expression among the single cells. Previous studies have shown that the onset of clag gene expression initiates at the later stages of the IDC [19] . In our single parasite sequences we see a trend that expression of both clag 3.1 and 3.2 starts early during the trophozoite phase, peaks during early schizont and is down regulated during the late schizont phase (Fig. 4A) . Clag 3.1 is expressed in a significantly larger number of parasites compared to clag 3.2, (adjusted P-value < 0.05 and Zscore > 2, using SCDE [15] ) suggesting that there is one dominant population expressing clag 3.1 and a subpopulation expressing clag 3.2 at the time when parasites were collected for this study (Fig. 4A) . Transcripts from single parasites show a trend in support of the mutual exclusion concept with the majority of single cells expressing only clag 3.1, but where there is indication of dual expression of clag 3.1 and 3.2 in a small number of single parasites (Fig. 4B) . Out of the seven cells that show expression of clag 3.2, six cells also show expression of clag 3.1, at the expression cut-off that we set for these analyses. Two of these cells show dual expression of both clag 3.1 and clag 3.2 at log2 (RPKM + 1) at a level of 7 or higher.
The var family is a larger gene family with approximately 60 members, and it has previously been described that vars are mutually exclusively expressed [18] . Studies aimed at increasing the understanding of regulation of expression of this gene family would greatly benefit from the possibility of charting the transcriptional dynamics in a temporal manner at single-parasite resolution. It is known that transcription of the active var gene occurs during the early phase of the asexual cycle, soon after merozoite invasion of the erythrocyte and ceases prior to the trophozoite stage [18] , at which point the iRBC becomes more rigid and sequestration is essential for the parasite to avoid clearance. We gathered all sequence data from single parasites isolated within this time frame of the 48 h cycle, including SP1 and SP2, to identify the presence of var gene transcripts. For these analyses, a threshold of 9 (log2-transformed RPKM) was set as baseline. Expression of var gene transcripts that passed the cut-off was present in 17 individual parasites and among these single parasite samples expressing var genes, 13 showed expression of one dominant var gene (Fig. 4C) . PF3D7_1240400, a UPSB7 type var gene appears to be dominantly expressed in the culture used for this study, where 13 parasites show expression of this gene. PF3D7_0711700 (UPSC1), PF3D7_0800100 (UPSB1), PF3D7_0809100 (UPSB6) were found expressed individually in three single cells. One cell was found to express PF3D7_1200600 (UPSE), the conserved var2csa gene involved in pregnancy associated malaria [20] . Finally, PF3D7_1240600, an UPSC1 type var gene was found co-expressed in a subset of the single parasites (n = 3) that expressed the dominant PF3D7_1240400 (Fig. 4C) . The var genes Fig. 3 . Identification of a gene signature for sexual stage parasites. (A) Projection of single-parasite transcriptomes onto two dimenstions using t-SNE based on genes with expression in two or more parasites and excluding the 30% of genes with lowest inter-parasite standard deviation in expression (resulting in 3176 genes). RFPexpressing parasites were denoted with triangles, and the non-RFP-expressing cell with a sexual signature with an asterisk. (B) Boxplots showing gene expression of sexual commitment genes in individual asexual iRBCs and gametocytes. P-values below 0.001 using Cramér-von Mises test in D3E [34] denoted by ***. (C) Heatmap displaying the expression profiles of top significantly differentially expressed genes (adjusted p-value = < 0.05) between the individual asexual and gametocyte (RFP expressing) iRBCs. The asterisk denotes the cell from (A). One of the putative sexual stage parasites shows general lower expression of the putative sexual stage specific genes but was included due to significant RFP expression. (D) Projection of asexual (red; n = 161) and sexual/gametocytes (blue; n = 191) using PCA from [11] , based on their expression of the gene signatures identified in (C). (E) Boxplots showing the expression of our novel genes in asexual (red; n = 161) and sexual/ gametocytes (blue; n = 191) from Reid et al. [11] . The percentages represent the proportion of SCs with detectable expression, for each category, as only cells with detectable expression was included in the boxplots. Differential gene expression performed using Cramér-von Mises test (P-value < 0.05) as implemented in the D3E [34] . expressed among the single parasites are of the UPSB and C types, which goes well in line with previous findings relating to var gene expression in in vitro adapted parasite lines [18] . Interestingly, out of the 17 single parasites, three appear to show multiple expression of two var genes in parallel, including parasites that harbor transcripts of both the dominant var PF3D7_1240400 (n = 13) and the sub-dominant PF3D7_ 1240600 (n = 3). In order to distinguish the stringency utilized in detecting uniquely mapped reads of genes PF3D7_1240400 and PF3D7_ 1240600 in the three cells that indicate dual expression of var genes, we have provided a figure including; uniquely mapped reads, the annotation and structure of the genes and a depiction of the uniqueness profile for the genomic region as well as a figure indicating the parallel expression levels of the two var genes in each of the three cells (Fig. S3 ).
Discussion
Global gene expression analyses at single-cell resolution has had a major impact on biomedical research in recent years and it opens up an array of applications pertaining to malaria biology, including genetic investigation of rare phenotypes and rare events of differentiation as well as the possibility to perform transcriptional mapping of non-cultivable Plasmodium species. With the current development of single-cell technologies, improved methods for single-cell isolation is becoming ever more relevant. Recent technological advances have improved the parallel profiling of cells [21] , which is opening up for unbiased identification of rare phenotypes in populations of cells. Several stages in the complex P. falciparum life cycle include bottlenecks where the parasites are naturally very low in numbers [22] , occur in a background of a myriad of different host cell types or are physically attached to host tissue, such as during oocyst development. In these instances, parasites may not easily be prepared for flow-based cell sorting in a timely manner or at all. Thus, we have optimized capillary-based systems for single cell isolation, which can be modified to fit any inverted microscope and therefore entail a cost efficient strategy, which can easily be transferred to any laboratory that requires heightened biosafety level due to work with high risk pathogens. Visual monitoring of cells during capture eliminates samples of multiple target cells and where a live cell fluorescent stain facilitates identification of P. falciparum iRBCs in a background of a majority of RBCs, especially during the early stages of the IDC.
Single-cell RNA-seq has incomplete sensitivity in terms of gene detection [23] . Population-level analyses of the early stages of the 48 h IDC has demonstrated the limited presence of RNA and transcriptional activity at these stages [24] . In our single-cell data, we identified fewer transcripts during the early IDC stage that likely reflect the lower transcriptional activities at this stage combined with technical limitations in contemporary scRNA-seq. During the publication process of this manuscript, a related study was published [11] , where they demonstrated that modifications of the Smart-seq2 oligo-dT had a positive influence on the total coverage of genes expressed in late IDC stage P. falciparum and its relative, Plasmodium berghei, a mouse infecting Plasmodium species. It will be interesting to further investigate if the modified poly-T oligo will improve yields also at the early P. falciparum IDC stage parasites.
We collected single iRBCs at six time points during the 48 h IDC and over three separate IDCs. Despite the fact that we synchronized the parasites, the clustering of single-parasite transcriptomes suggested that our data is not completely temporally aligned. Visual analysis of P. falciparum iRBCs enables discrimination of the three major IDC stages but intermediate stages are more difficult to visually determine. For collection of iRBCs, we used the automated CellSorter and targeted Mitotracker labeled cells at 10X magnification. More specific verification of cells with morphological differences should be performed carefully and at higher magnification. Still, the computational analyses performed could assign groups of cells to distinct IDC stages.
The implementation of single-cell transcriptome analyses holds the potential of greatly increasing our knowledge on several of the clinically important aspects of P. falciparum biology, which in many cases occur among rare populations hidden within larger populations of parasites. We identified, based on a single genetic marker, a minor population of putative sexual stage parasites. These RFP expressing cells had upregulated additional known sexual stage genes compared with the population of asexual parasites. Importantly, we revealed a panel of genes that are specifically upregulated in the RFP expressing cells. The distinct expression of the gene set could be validated in both qRTPCR and a second scRNA-seq data set. In summary, our method has the capacity to identify single parasites from rare populations, and we show that the sequence coverage is sufficient to generate panels of putative significant genes based on global differential expression analyses.
Finally, we evaluated detection of transcripts among members of the variable gene families. The Smart-seq2 protocol is designed to enable full-length coverage across the transcript structure and thus allowed us to perform analyses of gene families, which are known to have high sequence homology. We compare gene expression levels between the two members of the clag gene family (clag3.1 and clag3.2), which are involved in erythrocyte membrane permeation, assumed to be mutually exclusively expressed and are known to be expressed late in the IDC. We further went on to explore the capacity of detecting var gene transcripts, which are known to be expressed during the early stage of the 48 h IDC. In a total of 17 single parasites, var gene transcripts were detected at significant levels. The set of single cells that we used for this analysis in the majority of cases support the theory of mutually exclusive expression of clag 3.1 and 3.2 and var genes upon cultivating parasites under standard culture conditions. However, certain single cells appear to jointly express clag 3.1 and clag 3.2, as well as dual expression of certain var genes, a finding that may be of significance when studying the P. falciparum switching mechanism of mutually exclusively expressed genes.
Here we have generated and evaluated a strategy for global transcriptional profiling of single P. falciparum parasites. scRNA-seq has tremendous potential in improving our understanding of transcriptional events that occur across the complex P. falciparum lifecycle, including stages that remain largely unexplored. Moreover, this strategy could easily be extended to other Plasmodium species as well as other important members of the apicomplexa.
Methods
In vitro culture of P. falciparum parasites
The P. falciparum PF10_0164/PF3D7_1016900(3D7/164-tdTom) line, expressing the tandem dimer tomato fluorescent reporter under the control of the gametocyte-specific gene ETRAMP10.3 [16] , was used in this study. Parasites were cultivated in type O blood at 5% hematocrit, in standard culturing media, supplemented with 10% human serum (Karolinska Hospital blood bank, Stockholm, Sweden), and using standard culturing techniques. Cultures were gassed with 90% NO2, 5% O2, and 5% CO2 and maintained in a shaking incubator, a technique that has been shown to effectively reduce the number of multiple-infected red blood cells. Parasites were synchronized over three consecutive rounds, using 5% sorbitol (w/v) to select for early rings and subsequently MACS sorting of the late trophozoite and schizont stages was carried out. For the purpose of generating populations of pure gametocyte cultures for validation of the putative gametocyte markers (Fig. 4C) , we induced asexually replicating 3D7-164_tdT parasites and performed sexual stage induction [25] followed by treatment with N-acetyl glucosamine for 5 days.
Staining and isolation of single iRBCs
Samples were collected at 10, 16, 22, 32, 38, 44 ± 2 h post-invasion (p.i). At each time point 200 μl of parasite suspension was removed and stained with MitoTracker Green fluorescent dye (Life technologies, Carlsbad, CA). A total of 10 µl packed RBCs was stained with 0.5 µl MitoTracker, in 1 ml pre-heated culture media for 15 min at 37°C. Cells were then washed 3 times in pre-heated PBS and re-suspended in 1 ml DPBS (Gibco, prod nr 14190-144). For sorting 1 µl of stained parasite cultures was diluted in 2 ml DPBS in a petri dish. Individual iRBCs were isolated using the automated, capillary-based facs-in-a-petri cell sorter (Cell Sorter, Budapest, Hungary) or the semi-automated capillary-based NK2 Transferman (Eppendorf, Hamburg, Germany). Thus, mechanical stress on the cells was minimized prior to lysis. iRBCs were collected within a 30 min window post staining and washing, and were visually monitored to ensure exclusive capture of individual single iRBCs [26, 27] iRBCs in approximately 0.4-0.5 µl 1xPBS were transferred to 200 µl thin-walled PCR tubes (Corning, NY), containing 3.5ul lysis buffer (0.6% Tween-20) containing 2U/µl recombinant RNase inhibitor, supplemented with 1 µl oligo-dT (10 μM) and 1 µl dNTP mix (10 mM) [14] . Replicates of bulk samples were prepared by taking 0.4-0.5 µl of RBC suspension to 3.5 µl lysis buffer as described above. After collection, all samples were immediately spun down and frozen at −80°C.
cDNA synthesis and amplification
We generated cDNA libraries from individual iRBCs and populations of iRBCs using the Smart-seq2 protocol [14] , with a few modifications. PCR amplification of individual iRBCs cDNA was carried out for 23 cycles, whereas bulk samples were amplified for 18 cycles. In order to generate Illumina compatible sequencing libraries, cDNAs were tagmented using in-house Tn5 transposase [28] . All libraries were sequenced on an Illumina HiSeq. 2000.
Quality control of sequencing libraries
The sequence reads (43 bp cDNA sequence) were mapped using STAR (version 2.3.0) [29] to a concatenated reference genome made up of P. falciparum 3D7 (Pf3D7v3 from Plasmodb release 11.1), human (UCSF's Human Genome Assembly Release hg19) and ERCC's synthetic transcript controls. Read quality was evaluated using the FastQC package. Gene expression levels were computed based on uniquely mapped reads and normalized expression calculated in rpkm (reads per kilobase of transcript per million mapped reads) using the rpkmforgenes tool as previously described [30] . Library quality was evaluated using different library characteristics including the number of mapped reads, detected genes and transcripts coverage. Correlation coefficient and principal component analysis were used to detect potential outlier samples. These analyses were carried out using in-house python and R scripts. We retained individual iRBCs libraries that had at least 10,000 uniquely mapped reads (to the P. falciparum genome) and 200 detected genes. For the population samples, we required at least 100,000 reads uniquely (mapped to P. falciparum) and at least 500 genes detected. Individual iRBCs were grouped into six categories (T1, T2, T3, T4, T5 and T6) based on the post-invasion time of picking their aggregates generated per category and compared to population samples based on Spearman correlation coefficient. For clustering, the expression values were log-transformed and analyzed based on PCA and tSNE [31] . A pseudo value was added to the expression values to prevent log zero computation.
Clustering of single-and bulk-iRBCs to verify stage progression
To capture variation in infected single-and bulk-iRBCs, correlation distances between samples were analyzed, dimensionality reduction using principal component analysis was performed then projected onto t-SNE sub-space. The number of detected genes and stage specific markers expression was also analyzed.
Developmental stage sub-populations
For the unbiased grouping of single iRBC profiles into sub-populations, a higher-quality set of 92 individual iRBCs (with at least 500 genes detected and 10,000 uniquely mapped reads) were used. Using stage-specific markers detected in at least two samples, we first quantile normalized the log-transformed RPKM values. We used the IDC gene set and first filtered the genes for the markers with largest expression variation over our individual iRBCs, following the procedure used to study single-cell RNA-seq data from glioblastoma [32] . After filtering non-informative markers, the individual iRBCs were grouped using hierarchical clustering (Spearman clustering and complete linkage).
Differential gene expression and enrichment analysis in single-iRBC sub-populations
Differential expression between the sub-populations was carried out using SCDE [15] to identify significant differentially expressed genes (adjusted p.value < = 0.05 and absolute Z-score > = 2). For sub-populations with 100 or more differentially expressed genes, gene ontology (GO) term and GO: process enrichment analysis was done and statistical significance assessed according to Plasmodb database approach [33] .
Primer design and rt-qPCR analysis
Primers were designed using the Primer Express software (Life Technologies, Carlsbad, CA), as follows: PF3D7_1251700 (Fwd 5′-ATT CCCATCGCAAGAATGTC-3′, Rev 5′-GGCAAGCATTAAACTTGGGTA-3′), PF3D7_0205100 (Fwd 5′TCCTTTGAAGGAGGGATGTTT -3′Rev 5′-CGT CATCTGACGTAGCATTCA-3′), PF3D7_1203300 (Fwd 5′-CGCGATAGA AACACAAGATGA -3′ Rev 5′-CTTCCTTCGTGTTCCCTCTG-3′), PF3D7_ 1474000 (Fwd 5′ AACGAAGATGATGGCATGGT-3′ Rev 5′-TGGATTGG TTCGTTTCTTCC-3′), PF3D7_031560 (Fwd 5′-ACCAGAGTGAAAGCCG AGAA-3′ Rev 5′-TTGCGTTGTCTTTTGTTTGC-3′). Total RNA was isolated from stage specific synchronized cultures, asexual 10hpi as control and 44hpi and stage I-V of gametocytes by using phenol:chloroform method for qRT-PCR analysis. Before RNA extraction, parasites were washed with PBS twice to obtained infected erythrocyte pellets. 500 ng of purified total RNA from each sample was reverse transcribed using iScript Reverse Transcriptase Supermix (BioRad) according to the manufacture's instruction. Resulting cDNA product was first quantified, diluted appropriately to normalize and then subjected to quantitative real time PCR using SSO Advanced™ Universal SYBR ® Green Supermix (BioRad) according to manufacturer's instructions, and all samples and controls were run in triplicate. Seryl tRNA synthetase was used as reference for the computation (2
−ΔΔCT
) of relative fold change in gene expression between each condition to asexual stage parasites (10 h).
